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Page 13 Formula (14!') is not in accord with the assump~
tions made. It should bhe changed %o

- P13 ., 4p1 1
3RI * Eth (141)

Page 14 Paragraph 3 (discussion of formula (14')) should
be replaced by the following paragraph:

Formula (14!') erre on the unsafe side.
For loads up to about 10 pexcent of thae
yield~point load, calculated deflections
should be multiplied by 4/3. TFor higher
loads, much higher correction factors may
be necessary, but the experimental evidence
is insufficient to warrant any recommenda-
tions.

Page 19 Change example to read

The deflection formula (14!') gives for
low losds

4+ 4.X 20000 X 120 Y
3 X 107 X 923 10 X 0.025 X 307

, 3
D = 4 <aoooo X_120
3

(1.25 + 1,28) = 3,38 inches.
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L PREGHNICAL NOTR NO. 439

A SUMMARY OF DESIGN FORMULAS FOR BEAMS HAVING
THIN WEBS IN DIAGONAL TENSION

P ' : By Paul Kuhn

SUMILARY
. B P R T:
This report presents an explanation of the -undameh~:
tal principles and a sunamary, of tas essential formnias
for the design of diagonal~tension fisld beams, i,0¢, oeans
with very thin webs; as developed by Professor Wagner of
Gormany.- - e
INTRODUCTION

I D [ S

P )

The necessity for designiﬂé structureﬁ to tne'émail—

‘est p0551ble ‘welght for ‘a given load factor has forced ;

airplane dasigners to deviatbtc matorially in. some 1nstances
from construction. practices ksl ciave hecomo st andard in
older branchoes of: engineering. . Diagonal=tension Iield
beams& are one example of this trend awav from eatablished
practice. . e .
Diagonal-tension field beams are a special develop-
ment of plate girders in which the shearing.force is small
compared with the depth of the girder, so that the reguired
web thickness is very small, Suclk a thin 'web would buckle
before i1t .reached the ultimats, shearing strass. In struc-
tural .englnsering, this buckling is prevented by ‘atfaching
stiffeners %to the web, In many asronautical ..structures,
however, :the web is so thin that an. excessive. number of
stiffeners-would be regquired to develgp a high, saearing,
stress before buckling. Therefore, a different solutlon
of the problem has been attempted. The flanzes of the
beam are connected by a number of struts which act not asd
web stiffeners, but as flange spacers. The web is thus
1eft free to buckle, the dasic idesa being that the wedb af-
ter buckling caunot carry the shear in the beam by develop—
ing shearing stresses, but can snd doces carry the shesr by
developlng tensile stresses in the direction of the diag-
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onal buckles or Polds; hence the neme 'disgonal-tension
field boans.!

The cholce Wetween the plute glrder with a web safe
against buckling and a diagonal-tension field hoam deponds
on the relative magnitudes of shearing Force and depth of

. ey
bean, Using a8 a criterion the "index value!! K = AE§,

whoro 8 is the total shear in pounds and h the dopth

of the boem in inches, Wagner has estimated (roforonco 1.,
p. 3) that a diagonal-tonsion fleld beam is probadbly pref-
erabls if X 1is less than sbout soven, while a plate gird-
er with a shear~resistant web is preferable iIf X 19 more
than abont eleveh. In the intermediate region there is
lLittle choice between the two.

Beans with an index value X of loss than seven are
frequently found in aircraft structures, Instarces are
found elsewhere than among beams 1n the narrower sense of
the word, The theory can also be apnlied to the shear
sixin of monocoque fuselages, hulls, and floats; to the
sirin of metal~covered wings,. when the skin is used to
talie the shear loads due to drag or torsion; and to the
bulkheads for monocogue wings, Tuselages, floats, and hulls,
Atteontion is called to the Zact that tho wse of a thiln wed
mey be of advantage 1un trues~type assembdlies because the
lateral support which the wuob cozmtridbutes to ths compres-
sion members may more than componsate for the increame in
wolght due to the usec of the web.

The theory of diagonal-tension field beams has been
tresated by Professor Wagner, of Danzlg, Gormany, end his
publications have been made avallable to the Americen de-
signer in several N.A.C.A. Tochnical Memoranduns, (Sece
references 1 - 5.) These traanslations, however, are dif-
ficult to follow and contain some errors. Consequently,
the present report has been prepared to explain the funda-
mantal princivles of diagonal-tension field beams, or
"Wagner beams! as we shall call them for breviiy, and to
Zive the formulas essentlisl to the design of such beaus,.
No attempt Has been made to present the derivation of the
equations. Any person interested im the theoreticel as-~
pects of the subject may refer to the original articles
or their translations.
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PUNDAMENTAL PRINCIPLES

Then & frame as shown in figure 1 is loaded by a force
P, the diagonal D; will be in tension and the diagonal
D; 1in compression, If Dz is & very slender column it
will buckle when P has reached some definite small valus,
and if P De increased beyond this valué, D, will take
all of the increase 1n shear in the panel. The dlagonal
D; willl continue to carry a load about equal to 1ts buck-
ling load, but wheh P becomes very large, the load in
D, will become negiigible as comparsd with the load in D.

NARNANANANANAN

AV

If the frame is converted into a beam by replacing
the diagonals with & very thin webd, a simllar argument ap-
plies, The compression stresses In the direction of D
fold the wed into corrugations as indicated in figure 2,
and the shear in the peanel is carried by tensile stresses
in the direction of D;., Such & panel with the wed in di-
agonal tension constitutes the fundamental unit of the
Wagner beam, If the panel is squaroe, such as 1g shown 1n
figure 1, it is quite obvious That the folds will form at
an angle of approximately 45° If the panel is a rectan-
gle, the dirsction of the folds is not so obvious, but the~-
ory shows that it will still be approximately 45°, provid-
ed that all edge members are stiff., The introduction of
additional struts in the panel (fig. 3) does not change
the direction of the fqlds if these sitrutes are parallsl to
the original end strutg (reference 1, p. 10).
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APPLICATION OF PRINCIPLES TO A CANTILEVER BEAM

Fron theo fundamontal principles oxplained in the pre-
ceding sqection, it follows that, if tho flanges and struts
of tho cantilever bcam shown in figure 3 sro vory etiff as
rogards Ptending in the plano of the wob, application of the
load P will cause tho web to fory folds at an angle-—a,]
which 1s approximatoly oqual to 45 . The siress in the
wob is chiefly tension wiich is uniform over tke panel
and in the direction of the folds (reference 1, vp. 4-21);
conssquently, the webd may he consldered to be cut inteo =a
number of tension diagonals by cuts parallel to the wrin-.
klos. If a suétion through the boam is tekon at a distance
x from the right snd, considoerstion ¢f the oqullibrium of
tao rosulting free body shows (referocmce 1, pp. 24-27) that
the tensile stress in tho wob is

2P 1 '
f = 1
h t sin 2a @n

where t 1s the thickness of the web, and that the forcos
in the teunsion and compression flanzes are

Hy,g = #55 - £ cot « (21)

wnere the second term is due %o the hBorizontal component
of the webd tension, The vertical comnonent of the wedb ten~
sion, acting along a length d& of the flauge, gives the
foreve in tho strubts o ’ oo o mmm T e

V=P tan o . (31)

by

2 =
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Theoretlical calculations have shown: that o is usu-
ally a few, degtrees less than 45° (referénce 1, p. 22).
Observation of test beams has shown that the unavoidable
irregularities in material, riveting, etc.,, Causgs deovia~-
tions from the theoretical value of «. Consequently, 1t
is sufficiently accurate for deeign to assume the conven-

ilent value o = 45° The preceding formulas therefore be-
come .

. | e =L | @)

Hp,g = ¥ B2 - 2P (2)

ve~? g | ®

The spacing of the struts in a Wagner beam should
normally vary between one sixth and one half the depth of
the beam. If the spacing of the strults becomes greater
than the depth of The beam, & may become much less than

4509 A conservative procedure in this case is to compute
the fogces in the tension flange and in the struts with
45 the ' foxrce in the compression flange and the stress

‘iﬁ the web with o = a' = tan-? é. In gdhersal, such wide

spacing is very imprFactical and should be avoided unless
strength is a minor conside;ation.

THE GEﬁERAL CASE OF A BEAM WITH PARALLEL FLANGES

In the general case of a Péim #ith parallel flanges,
'the struts have an inclination' ’and loads Pp are in-

troduced at points other than at the end of the beam (figs.

4a end 4b)

VWAL




Since angle sections or other open sections of small bend-
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ing stiffness are often used for struts, the formulas are
derived under two assumptions: I - struts with infinite
stiffness asgainst bending in the plane of the web; and II -
struts with no bending stiffness. - The effects of finite
.bending stiffness of the flanges will also be considered,

I ~ Beam with struts of infinite bending stiffness in
plane of web.~ If the struts are rigid and well riveted to

the web,

to Pn

the web tension is constent in any bay betwsen
two gtruté and changes by a constant amount proportionral

at

any strut where a load Pp 1is introduced (fig.

5)., Wherever such a load is introduced the force in the
strut varies linearly from V, +to TV, throughout the
length of the strut. '

’A
The formulas for the case under discussion are (ref-
ercnce 4, pp. 7 and 8, and reference 1, pp. 38 and 34): .
2.5 1
f = & ¥
bt sim 2a (1 - tem o cob B) (41)
= = e 5’
Hy g i i (cot a + cot B) (51)
1 2 b gin B (1 ~ tan o cot B) sin B |
® 2 h sin 8 (L - tan @ cot B)
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- where S and M are the shear and moment, respectively,

at -the soctlon corsidered, Sy and Sp are tho shears in

the bays on tho left and on tiac right of the gtruf conside-
ercd, and P, is the oxternal load apolied =zt "the strub,

Figuro 4 indicates how the angles « and B arc meas-
urgd, If theroc is any doubt as tc whether the acute or
tho obtuse value of p should bo wmsod, a diagram of the
bsan should be drawn and the tension diagonals sketched in
for each panel, thelr slope depending upon the direction
of the shear in the panel, The angle & 1is always acute

and can be taken squal to B/2 unless the struts are
spaced too far apart. If the angle uw', ‘determined by a
tension diagonal from panel point to panel Boint (eeZe.

P, to P, 1n fig. 4a) becomes less than §/2, then the
angle o' should be used in place of o for computing
the stresses in the wed and in the compression flange,
while the angle « = B/2 should be used for computing
the stresses in the tension flange and in the strut,

In formula (8a'), the negative sign for P, must be
used if the load P, . causcs comprossion in the strut and
the positive sign of Pn causes tension, The maximunm
force in the strut is given either by (5al') or (6b'), de-
pending upon the slgn of Pp, &ani it occurs at the Junc-
tion of the strut with that flange which would be cut
first by an arrow ¥lying in the dirsection of the force Py

II - Beams with struts of zero bending stiffness in
plane of webe.~ A Detter general approximation to actual
conditions is probably obtained by assuming the struts %o
have negliglible bending stiffness in the plane of  the web.
Under thés condition, the folds are not interrupted where
they .cross the struts (fig. 6) and the web stress is con-
stant along the full length of any tension diagonal,
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Thus, at any section of the beam taken parallel to the
struts, the web stress varies throughout the depth of the
beame This case has besn solved under the assumption that
all struts are loaded, and that the loads P, are propor-
tional to the spacing of-the struts, Under this assump-
tion the force in the strut ie constant throughout its
length, " . o

The formula for the forces in the flanges is the same
a8 under the assumption of rigld struts. The formulas for
-the web tension 'at the strut and for the forces in the
struts become for this case (reference 4, p. 9),

h t 8in 2¢ (1 -~ tan o cot ET

fp, ¢ = (8 + 8g)

- 1 Pn .
+ _ : 71
' 24t sin® o (7
(S, + Sp) & tan g 1
2 h sin (1 - tan o cot B)

N .
* 2 sin B . (8')
If loads P, are applied over only a portion of the
beam -and are approximately proportional to the spacing of
the struts, the formulas can be used as 'good spproximations
in the middle part of the loaded region of the beam, On
the borders of this reglon, or in general at any place
where the loads. P, are not proportional to the spdaciang of
the struts, each casé must be given special consideration,
as indicated in the last example of the appendix,

111 -~ Formulas for general Uge.- For practical pur-
Poses, the. two sets of formulas for rigid and for flexil- |
ble struts may be simplified amnd combined into one set,
When the proper value of B has bsen found as explained .
in section I, tho value of p/2 can be substituted for a.
Furthermoreo, struts will bC dusigned in most cases for the
avorage load they carry, tho variaztion of this load aloung
the longthh of tho column being disregarded, With this sin-
plification, tho formulas for thec forco in & strut bocome
idontical for the two casos. Tho only reomaining diffor-
oncoe betweon the two cascs is tho wob tonsion; for rigid
gtruts the wod stross is constant across sections parallel
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T o to the struts, Ior flex1b1e struts, he web tension varies
linearly betwsen the two values given bv formula (4D)
across such- sections of tho- oeam.,

-

N The genpral formules therefore become ' T
o f = %—% uot ﬁ (for stif; struts) - T (4a)
. o S. + 6 P - Do
' - £ = (,:h_.._.?_li_), cot ﬁ-; 2 s (for flex- (4b)
b 2 24a t. sin® & 1ble struts)
. - B8 (cot B y - '
S Bp,0.= = 3 = 5 (e0F 3 F cot ) L @
) o ’ ) ’ - : '
: (5, + 8g) & - - Py % | ey
Yy == oI SRLZ G R o e
2 h 2 sir B B ‘ :
v v ) (For choice of sign in equation (6) see note regarding

equation (6alj,)

A .. The decision as to whether a glven strut 'should be
S . considered as being rigid, very flexibdle, or of some inter-
' mediate stiffness must be left to the Judgmsnt of the de-

signer., In genersl, it can be sald that even struts of
..closcd soction do not approach the theorotical coudition
"of rigidity vory closaLJ. -
. "IV - The effects of small bending stif:ness of the
. flanges.- The tension in the web causes bending stresses
I . . in the flanges (fig.  7) which are supeZposed on theo longi-

~ tudinal stress caused by Hp o¥ Hg. T '

VKA

\\
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The normal component of the web tension belng consideraed
as a uniform load and the flange as a beam continuous over
the struts as supports, the maximum bending moment in the
flange occurs at the strut and haes ths magnitude

dz
Mp = fz T tan o (91)

This expression is sufficiently exact for calculating the
sgcondary stresses causcd by boending of the flangos in

any Wagncer beam of normal proportione (roference 5, p. 34);
ie8e, in a beam where the struts are spaced from one sixth
to one half the dopth of the bean.

If the bending stiffness of the flanges is not infi-
nite and the spsicing of the sjyxuts is increasod, a point
is reached whore only a part Va4 of the wob is in tension
(fig. 8). . L en

\\\\\\ NN
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“Fig. 8 -
This causos a reduction in My to Hp!, where
Mp! = 0, X Hp (107)

The factors V¥ and ¢, are given in figure 9 as functions
of the nondimensional parameter

-
. %
Wad = 1,25 & sin a-v/- (114)
(IT +, Ic) h

where Igp and I are the moments of inertia of the ten~
sion and compressgon flanges about thelr own centroidal
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axes., When only & portion of the web is in tension, equa-
tion (LY'), (4t'), or (7!) gives the’ averave etrgses. The
maximum wed sftross is .’ '

- - 1
ax £ oo

where O 18 a factor given by figure 9. (See reference
5, PPe 33-37, for equations (10‘), (11t), and (12%).)

‘At the end of the beam, or at any point where an ex-
ternal load is applied, & bending moment analogous to M
is induced in the struts. ZEither these members must be
made sufficiently strong to withstand the bending moéments
or diagonal members must be wsed in adjasent bays, TFTig-

urcs 3 and 8 show some-of the possible solutions.

*
v

THE CASE OF THE BEAM WITH NONPARALLEL PLANGES

In structural design, it is generally assumed that in
a beam with-nonparallel flanges thd forces in the flanges
are in the direction of the flanges. Hence, ecuatlon (2)
or (5) gives only the horizontal component of the flange
forces; the total flange forces and their vertical compo- -
nents are oasily computed from the horizontal components o
and the inclination of thoe flanges.
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... .. The vertical components of the flange forces carry a

part of, the shear.. ‘Accordingly, the shear Sy carried by

the web 1s the difference between the total shear 5§ and

the vertical compononts of the flange forces: .

Sy = § = %'(taﬁ 8g + tan 8¢) (131)

(See fife 10.) THis shear Sy 18 used to calculate the
web tension and the force in the struts, using the formu-
las given for beams with parallel flanges (reference 4 PPe
1 6). : .

——— smtete e den o s

Co The web etress thus computed is the stress at the cen-
ter line: of .the beam. It varles sleong the depth of the beam

even though there are no intermediate loads applied at the

struts, Since the stress is constant along any ftenslion dil-

agonal, the wedb stresses at points A and B may be ob-

tained by drawipneg the tonsion diagonals through them, nmak-

ing an angle &@‘ with the center line of the boam, and cal- .
culating tho dtressos for pointe 4' and B3B!, Tho samo ;
method applies for a boam with intormediate loads 1f the
gstruts have small bending stiffness, provided "that the
loading of the beam near the section investligated conforms .
to the assumption underlying formula (?!); viz, that the +
loads are proportlonal to the spacing of the strutd, If
the struts have large bending stiffness, the tension may

be considered constant in any bay and gqual to the average
tension givon by equation (1) or (4), uwsing for h the av-
erage height of the bay.

- W P —_—— e = = - ———— — = Bl R e %

The method here outlined for ealculating the forces in
Wagner beams wlth nonparsallel flanges 1s only approximate;
i1t should be used with caution whon the inclination of the
flanges bocomos large,

DEFLECTIONS OF WAGNER BEAXS '

For the computation of the deflection of Wagner beams, ;
the following approximate method is proposed by the author <ur
until further data are obtained:

(1) Calculate the bonding deflection of %he beam by v
standard bgdan~deflection formulas, '



.
>
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T(2) C%lculate uhe'sﬁeér ﬁdflection of tha.web in the
wing mannar. R ST - — =z — .

EP—.

e = =

"Imagine the beam_leplaced by a 1rama cpnsisting

. ‘of* the ‘begam flangos, diagonals inclinei at the angle

[T

DTN

Ly, and veriical struts regardlesg of whether the
sﬂruts in the Wagner beam are vartlcaI or 1ncllnod

Assume tne diagonals to be under a stress ecual
£ .and computa. the: deflection of the substitute
?ramo due o oLongatipn of fhe diagonals only.

L=

(When tho frame is. dividod in o panels in the
manner proscribod there will usnally be a short odﬂ
pangl left at the end, but this panel of od4d size .
tdn-be neglected 1n the calculation of the shear de-

) flection.) L o ST T ux

”;1on.

beam

mula is obtained for the dellection at the end of the Beam-

where

with parallel flanges and vertical struts are given in ref-

© BEXPERIMENTAL CHEGK-OF IAGCURA.OY OF FORMULAS

;1.—-_.-

(3) Add the bending deflection and the shear deflec—

' . L - . o=
[ - . . - . PN . - --,.._-._', Ces o3

- —

T1gf ﬁhe method proposed is applied to a cantilever'
suéh as the one shown in figare 3, the following for-

4+ S B

. P 13 X P
D= + (raﬂe (14'
3B I E t B .

i . . . -~ - e

I is the moment of inqptia.of the boam,

- . . . . R P - -y

_E- o

The results of straln—gage measurements on & beam

srence 3, The exXperimental rssults check the calculated
values within about 5 percent for the stresses in the webd

and i

in the strut are much smaller than the calculated strosses,

This
tual

n the flanges., The &xperimentally obtained strecses

discrepancy is probably due %o. the fdact that the ac-~

)

inclination of the folds diflcrs from the esssumed in=-
clination. Examinatlon of formulas (1'), (2'), .and (3!)

will Show that -gn ‘error in g~ affects the forcé in ﬁhe_i
‘strutb-much wdHed fhan 1t

those in the flanges, v s

allecqs_*he strssses 1n ﬁne w8 &b _or
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.It may be mentioned here that Professor . Wagner suggests
the use of B = 40", This 1g indesd & better average valug,
but attentioh has already boen called to the fact that the
inclination of the folds is noveor quite rogular, Further-
more, tho gain in the average accuracy of computing the
force on the strut is only of academic interest, since the
allowablo stress ‘for the gtruts /s yery uncertain. The use
of /= 45° 1in preference to P = 40° is therefore recom=
mended, begause it 1s simpler to mse and more conservatlve.

The formulas for the cantilever beam with parallel
and rigid flanges, closely spaced vertical struts, and a
single load can be derived with very few basic assumptions.
Any complication such as inclined struts, inclinoed flangos,
or intermediate loads necessitates additional assumptlions
and decreases the probable accuracy of the formulas, EHow-
ever, it is belloved that all the formulas aro sufflcient-
1y accurate for airplane design purposes as long as the
proportigns of the beam are not abrnormal,

A, . . : :

M e defiection formula (147) was applied to tho tosts
reported in reference 3, and it was found that the actual

—— -

~deflections were conszderably less than the calculated de-

flections on beams of ordinary design; i1.e8., bsams wherse

'the spacing of the struts is less than the depth of the

beam and where the strute are riveted to the wob, Howevar,
the maximum load used in these tests was only about 7 per-
cent of the yield-point load (based on the webd stress).

A special test was therefore made at the N.A.C.A. labora-
tories in which the load was carried to about two thirds

of the yield-point load. The actual deflection of this
beam was about 5 percent higher than that c¢alculated. Un-
t11 more data are accumulated, the proposed approximate
method of calculating the deflections seems therefore ac-~
ceptable for loads between 10 percent and 70 percent of the
yield—point load, .

THE DESIGN OF WAGNER BEAMS

Omitting problems of detail design which are best
met in the shop, this discussion will confine itself fto
allowable stresses, It seems advisable to deal wlth the
problem first from a simple but "theoretical! point of
view. TLater it will be pointed out that practical consid-

-erations may require considerable modification of the "the~

oretical!" allowable stresses,



b
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,of this report and will nét be dis¢u sed here.

" raméter = 8 v and by which the actual

(Nih.C.s. Technicsl Note. No. 469 ;115

P uui'

If the design is to be based on the ultimate strength,
the allowable stress“fo¥ ‘the web @nd fthe tension’ flange
should be the ultimate tensile strength, of the material,

..If the design ig t0 e based on the yield strength,-hhe

yleld—point strcss would 'of EUurse, be substituted

.. = The!: allowable stress for ths compresﬁion Ilango de—:
pends on' the shape of cross section, the lateral support
of- flange, etc., considerations which are beyond the sgope

— A

The struus are, in effect, coTnmns with lateral elas—
tic support, since the tension in the wed restrajns the

_struts.from dbuckling out of ‘the plane of the _webs 3By-a

geries 'of .cidlculations (refarénce 4, TD. 1“-23), Professor

I.Wagner ‘hds evaluatsd this efﬁect on the theoretical bk
.-Ling strength of the struts.' On " theé further assumption '
(reference 4, p. 24) that two columig fail at the same

stress if they have the same index value K, Professor
Wagner's calculations yield a reduction factor Cg —(see

.. figs 11, computed from an approximation of tho Tower cuf¥e

in fig, 37 of relerence %), whith is & function .of fhe pa-

h (cot (o cot
length 1 of the,strut ies multiplied in order to oBtaln a

-

reduced length 1

catimeegu, [ T T -'<is'>

... b
N e e e

With this reduéed.length"l'~and tne aotual cross sgction
of the strut, the allowable stress for the strut may be
computed (reference 4, p. 27) by standard formulas or ob=-
tained from column charts for pin-éanded columns, The al-
lowable load on the strut is then obtained by multiplying
this allowable stress by the effective arca, which is the
sum of the area of the strut and an &djacent strip of tho
web, For duralumin, the effective width of this strip may
be takon as 2w = 30 t; for stainless stcel, 2w = 60 ¢t
{(reference 6).,

The theoretical allowadble sitresses given may serve as
a gulde for design until additlional practfical experience
has been gained. The following, considorations should al-
ways be borne in mind, howsvor, as thoy may nocessgitato
appreciable changes-in the allowablo stresses,

14 The folds cause bending stresses which may lowor
the ultimate strength and the fatigue strength; the folds
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themselves may impair the performance of the airplane.

: 2. The wrinkles form at low loads and reach an ap-
preciable size under normal flight conditions (fig. l2a .
taken' from referencs 8). If they appear on parts exposed
to view during flight (wing coverlng), they will engender
a serious. loss of confidence on the part of pilote and
passengers even though the structure is perfectly safe,

* This considoration may perhaps seem unimportant, dbut the
scanty experlonce available at presont indicates that 1t
may bo very decisive,

3, The factor ©C; for the desigm of tho struts is
probably  very conservative in most cases, Unfortunately,
""tests on the buckling strength of the struts will not or-
dinarily be very conclusive, since the duckling occurs so
gradually that no one p01nt can be designated as- the point
of failurae.

In conclusion, it may be stated that the establishment
of rules more comprechonsive than those indicated will De
possible only after’ con31dorab10 practical experience has
besn gained, : . )

, Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics,
,Qang;ey Field, Va., June 1, 1933.
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APPENDIX

Iiiustrative Problems

Problem 1.

uming the allowable stress

17

Apalyze the beam of filgure 13, The material is dural-

sumed to be 25,000 pounds Dher square inch,

A

12 % 10" = 120Y ' s

-

1 2

zon tween

NSO

] cen-
’ _l“ troids

|
4

< 1% x 1" 2 1/8" (One side only)

Fig. 15 20,000 1b. .
The stress in the web 1is (formula (1)) -
‘ 2 % 20000
= = = QO be o1
£ = ESSTSETOTE 53,300 1b./sqeins

The forces in the flanges are (formula (2))

_ + 20000 X 120 _ L
By, g 50 % X 20,000

Hp = + 70,000 1b.
Hg = - 90,000/1b.

The stresses in ghe flanges afe'jhergfore

- 70000 _ /aa
fq = + eU000s = 48,600 1b./sq.in,

EOM x 21y =

",l «3" x 3 x 5

in the compression flange 1s as-
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- o 80000 .. _ or /

The force on any strut ie (formula (3))

V = = 20,000 X 22 =~ 6,670 1b. —_—
50 | \

Since B = 90°, o = 450, and % = 0,33, figure 11

gives (5 = 0.,40; theraefore the reduced columun length
(formula (15')) is . . ~ }

1' = 0.40 X 30 = 12 in,

(M 0,30

The slondernegs ratio is L= 22 = 40; theraforae,
the allowable stross (reference 7, fig. &) &

g
Fg = 27,800 1b./sqein.

The effective width of sheet that acts with the strut
18 2w = 30 X 0,085 = 0,75 in,; therefore, the total of-
fective ares

Ag = 0423 + 0475 X 040256 = 04,249 8q.in.
and tpe allowable load

P = 0,249 X 27,800 = 6,920 1b.

allow

The maximum bending moment-in the flanges due to the
web tension is (formula (91))

- 20000 X 100 ~1b.
Myp 15X B6 = 5,560 iIn.~l

The maximum total stress ln the tension flange 1s
therefore

= 5560 X 0,58 _ )
£y = 48,600 + 554 = 54,360 1b./sq.in.

The maximum total stress in the compression flange is

£q = = 25,400 - 8880 X Z:l0 — . 29,510 1b./sq.ins X

r

This stress. is above the allowable siress specified for the
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compression flangs, Puf still below the yield point., 1In-
view of the fact thaf the specified maximum stress is based
on considerations of buckling, the Ppurely local and com-~
parativaly small overstress aPpears admissible.

Formula (11) gives

“«f . .
wd = 1 25 X 10 X O 707 V/:

P

»

.~ 0,025
(0e54 + 2,9C) 'X 30

Figureé 9 shows thak’ ¢, &and 0Oy are pracdtically — -
equal to unity for this value of wd; there is consequent-
1y no reduction in Mp,  and the web stress is uwniform,

When calculating the deflection, the moment of iner-
tia of the bsam is computed approximataly as

I =.3,54 X B.68% + 1.44 X 21,32° = 923 in/*
The ction formula (14') gives h; ’//;
Jgéoooo X 1203 ,+ 2 X ooooo X 120(120 ¥ 30) -;3, )
3 x 10" % 923 - 107 X 0,025 x 900 ///_.

= 1.25 bl 3.20 = 4.‘&5 1n.

Problem 2.

*

Given the beam of figure 13, but with a spacing
d = 20 inches of the struts, calculate the stresses in the
web and in the flanges.

example,

The average stress in the web is, as in the Eféaeding'_

f = 53,300 1b./sq.in.

The dlrect stresses in the flarnges also remaln un-

changed
Iy

fo

48,60Q 1b./sqe.in,

- 25,400 1b./sq.in.

The parameter wd is twice that of the preceding 86X~

ample (since

wd

d

is doubled)

2 X 11l = 242
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which gives 0, = 0,95 and Cz = 0480,
The maximum web stress is therefore

ft max = 53,300 X '6—.1'5'5' = 59,200 l'b./sq_.in-

The maximum bending moment in the flange is (formulas
(9') and (10%))

. 20000 X 400 - -
Hyp 0.95 x 20200.X 4 21,100 in,-1b,

and therefors the bending ‘stress in the flange

« i
£y = 21108,540'56 = 21,900 1b,./sq.in.

or the maximum total stress in the tension flange at the
inboard end

fp = 48,600 + 21,900 = 70,500 1b,/sq.ln.
fg = = 25,400 - ZL0Y. X LalS = . 43,000 1b,/8q.in.

It will be necessery cither %o use stronger flanges or
to reduce the spacing of the struts at tne inboard end of

the besam. '

Problem 3,

Find the forces in the Flanges, the forces on the
struts, the reduced column length, and the stresses in thg
web for the beam fhown in figure 14,

4,000 lb..\‘
! , 28,5
~h = . 51 i e g P e B
> S e 2 e B
AR \Q'* NN f'
AN CON N N\ &R
1 Y _ . \
Wy \ N Al \ 1t
A N
Z RN \\ AR <o
;<w : 120" -
= 2,000 1b.

Fig. 14 26,000 1b.
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The struts at the end and under the 4,000=pound load
are to be considered as stiff; the other struts are to be
considered as flexible, o '

-

The inclination of the stiuts is B = 60°; . therefore,
the inclination of the folds is o = % = 30°, The moment

at' the inboard end is

M

20,000 X 120 + 2,000 X 110 + 4,000 X 82,7

= 2’950,000 in."'lb.
The forces in the flanges at the inboard end (formula
: _.§5)) are . ‘ .

_ & 2950000 _ 26000 (1 mxe T
Ep, =% 50 - =5 (1.7;2 + 0.577)

Hp = + 83,360 1b,

Hy = =-128,380 1b,

the force-in strut A ie (formula (6')) ' -

V. = - 20000 + 22000 yx .0 , __2000 oy
A o

2 " 30 .2 x.0,886
= - 5,850 1ba o

(Note that the second term has & positive sign for Vi and
a negative sign for Vp. Of. note on formula (6a).)

<

The force in strut B 1is

_ 22000 + 26000 4 10 _ __4000
2. 30 ~ 2 X 0.866

- 10,310 1b.

VB-—-

1l

a8 - = 10 = 0,29 -
h (cot o .~-cot B) 30 X 1,155 ' : . Lt

which gives GO = 0439 and

30
0.8866

' = 0439 X = 1345 in,
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The system of loads does not fulfill the assumption
under which equation (4b) for the web stress with flexible
struts is derived. Consequently, a special consideration
is necessary in tais case. ' '

Assuming first that all struts are rigid, formula (4a)
vyields for the wed stress -

¢ = 2.X_20000_ x 1.73
=56 X 0.065 « re7°%2

in the end panel:

= 55,500 1b./8g.in.
in the second panel from the end: f = 39,200 1b./sq.in.

in the third panel (and all others): £ = 46,300 1b,/

Sq.in.
Considering strut A as flexible, eguation (4D)
gives for the wed stress at strut A .
£ = 22000 % 20000 4 ; 73z T — 2000 ' .

B0 X D4,065 2 X 10 X 0,065 X 0.25

37,400 F 6,150

Il

frax = 43,550 . 1b./8qein.

fmin = 31,250 1b./sq.in.
The minimum web stress of 31,250 pounds per sguare
inch at the mpper end of 4 is probably too low, since if
the 20,000~pound locadl were the only load acting therse would
be a uniform wedb temsion of 35,600 pounds per square inch
throughout the beam, This latter value should therefore
be considered as the minimum wedb stress at strut A, occur-~
ring at the upper end.

The maximum web stress of 43,550 pounds per square
inch occurs at the lower end of sftrut A, and should be used
for design. Actually the stress may be less, in view of
the argument given that the actual minimum stress at the
upper ond is probably more than the theoretical value,

If, for the purnose of saving weilght, the thickness
of the web is reduced in the end panel, a somewhat larger
margin should be provided here than in the rest of the
beam to take care of stress concentration due to floxibil-
ity of the end strut,

T
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Pigure 12.-Cantilever Wagner beam with con-

centrated load at tip under test
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